US Air Force veterans of Operation Ranch Hand sprayed herbicides contaminated with 2, 3,7, 
Introduction
The Air Force Health Study (AFHS) is a 20-year longitudinal study examining the health, mortality, and reproductive outcomes of the Air Force Operation Ranch Hand veterans responsible for handling and aerially spraying herbicides, including Agent Orange contaminated with 2, 3, 7, , in Vietnam from 1962 to 1971 Wolfe et al., 1995; Henriksen et al., 1997; Michalek et al., 1998; Pavuk et al., 2003) . The present study examines potential effects of TCDD exposure on the risk of prostate cancer.
In animals, TCDD is a multisite carcinogen that is not directly genotoxic, acts as a promoter and operates via the aryl hydrocarbon receptor (Ah-R) present in many tissues (IARC, 1997; Institute of Medicine, 2001 ). The male rat and mouse reproductive system is highly sensitive to TCDD. Prenatal or postnatal exposures may cause reductions in the weight of the ventral, dorsolateral, and anterior prostate lobes, plasma testosterone concentrations, decreases in epididymal sperm reserves (Roman et al., 1995; Abbott et al., 2003; Simanainen et al., 2004) , and inhibit prostatic epithelial bud formation (Abbott et al., 2003; Ko et al., 2004; Lin et al., 2004) . Interactive effects of TCDD and DDE on male reproductive tract development were also observed in rats suggesting that exposure to both these chemicals may potentiate their individual actions although by different mechanism since DDE is not an Ah-receptor agonist (Loeffler and Peterson, 1999) . Other studies suggest that TCDD exposure impairs prostate growth and androgen responsiveness by inhibiting prostatic epithelial cell differentiation and morphogenesis (Theobald et al., 2000; Ko et al., 2002; Timms et al., 2002) .
Regarding possible effects of TCDD on human prostate cells, TCDD was observed to induce CYP1A1 activity and to a lesser extent CYP1B activity in PC3 and DU145 human prostate cell lines, and inhibited testosterone-induced reporter gene activation in LnCAP prostate cancer cell lines (Jana et al., 2000; Schaufler et al., 2002) . No significant alteration in cell cycle distribution and cell growth was observed (Schaufler et al., 2002) . It was also reported that TCDD partially inhibited 5 alpha-dihyrotestosterone-induced gene induction (Schrader and Cooke, 2000) .
In 2005, 232,090 new prostate cancer cases were estimated to be diagnosed in the US, and 30,350 are expected to die from this disease (Jemal et al., 2005) . Prostate cancer is the most common nondermatologic male cancer in the United States, and second only to lung cancer in mortality (Jemal et al., 2005) . Age, race, family history, and insulin growth factors (IGF) are considered to be established risk factors for prostate cancer; while diet high in fats, vitamin D, and androgen receptor polymorphism were classified as uncertain risk factors; smoking, alcohol consumption, vasectomy, and physical activity were excluded as risk factors for prostate cancer. Zinc, selenium, and lycopene were identified as possible protective risk factors (Gro¨nberg, 2003) .
Concerns over potential health effects of TCDD in US and Australian veterans exposed to herbicides during the Vietnam War have led to a number of studies that examined mostly mortality from cancer, including prostate cancer (Breslin et al., 1988; Visintainer et al., 1995; Watanabe and Kang, 1996; Clapp, 1997; Crane et al., 1997; AIHW, 1999; Giri et al., 2004) . Some excess risk of prostate cancer relative to the general population was reported in Australia's Vietnam veterans (Crane et al., 1997; AIHW, 1999) , and in a pilot case-control study in Michigan (Giri et al., 2004) , while no increase in the risk of prostate cancers was observed in studies of US veterans (Breslin et al., 1988; Visintainer et al., 1995; Watanabe and Kang, 1996; Clapp, 1997) . Small numbers of prostate cancer cases and a lack of individual exposure assessments were the main weaknesses of these veterans' studies. Earlier results from the AFHS did not reveal an excess of prostate cancer (Ketchum et al., 1999; AFHS, 2000) but recent study reported excess of prostate cancer in comparison to the standard US white male population (Akhtar et al., 2004) .
In the present study, we explore a possible association between TCDD exposure and the postservice incidence of prostate cancer in Air Force veterans of the Vietnam War. We used a cumulative TCDD measure based on individual serum TCDD measurements available for all veterans included in this study (N ¼ 2516). Cancer incidence was determined through review of medical records.
Materials and methods
The AFHS compares the health status and the cumulative morbidity and mortality experience of Ranch Hand Vietnam veterans with a comparison group of other Air Force veterans who served in SEA during the same time period but were not involved in spraying herbicides. Comparison veterans were matched to Ranch Hand veterans on age, race, and military occupation. All Ranch Hand and Comparison veterans were male. Details of the study design and methods were published elsewhere .
Comprehensive medical examinations were conducted in 1982, 1985, 1987, 1992, 1997, and 2002 . Blood for TCDD measurements for most of the veterans was collected and analyzed in 1987. Participation was voluntary and we obtained written informed consent at the examination site after a complete description of the study and a full explanation of all procedures. Prostate malignancies were coded from medical records following the rules and conventions of the International Statistical Classification of Diseases and Related Problems, Tenth Revision (ICD 10) (WHO, 1992) .
Exposure Assessment
Serum TCDD levels were measured in 1987, and then in 1992, 1997, and 2003 at the Center for Disease Control and Prevention dioxin laboratory in Atlanta by high-resolution gas chromatography and high-resolution mass spectrometry. In a group of 343 veterans, repeated TCDD measurements (four per subject on average) were conducted to estimate the half-life of TCDD in these veterans (Michalek et al., 2002) . Based on these data we were able to calculate the total cumulative TCDD level (area under the curve F AUC) from the end of the exposure in Vietnam to the end of follow-up, and used the 20-year cumulative TCDD level for each veteran in our statistical analysis. The AUC is directly proportional to the bio-available dose (Notari, 1987) and has been used in risk assessments of TCDD exposure in industrial cohorts Flesch-Janys et al., 1998; Steenland et al., 2001 ). In veterans whose measured level did not exceed 10 parts per trillion (p.p.t.) in 1987, we computed the AUC by multiplying the measured TCDD levels by the years of follow-up. The average time of follow-up in this cohort was 21 years. We did not add any TCDD as the background exposure after the return from SEA, we assumed that the postwar exposure in the United States was similar for both Ranch Hand and Comparison veterans. The median 20-year cumulative TCDD (433 p.p.t.-years) was used to categorize Ranch Hand veterans into Lower and Higher exposure categories. We excluded veterans with no TCDD measurement or less than 20 years of follow-up, those dead or with the prostate cancer diagnosed before 1 January 1982, or with a missing covariate from the analysis (Table 1) .
Statistical Analysis
We employed Cox proportional hazard regression models to contrast cohorts with regard to prostate cancer incidence. We used time to prostate cancer diagnoses as the dependent variable, calculated as the time from 1 January 1982 to the earliest date of the first prostate cancer diagnosis, death, or 31 December 2003. There was no loss to follow-up. Multivariate analyses were adjusted for age (age at the qualifying tour in SEA), BMI at tour, occupation (officer, enlisted flyer, enlisted ground personnel), and pack years of smoking at the baseline (1982; estimated for those who did not attend the 1982 physical examination). Analyses were performed contrasting Ranch Hand and Ranch Hand Lower and Ranch Hand Higher exposure categories with Comparison veterans, and stratified by their last year of duty in Vietnam. 1 January 1969 was chosen as cutpoint because heavier spraying using usually higher TCDD contaminated herbicides occurred during that time period (Stellman et al., 2003) . We also conducted analysis by time served in SEA motivated by findings of higher risk of cancer in comparison veterans (Pavuk et al., 2005) . Within group (Ranch Hand, Comparison separately) analysis using a cumulative TCDD, total time served in SEA, and the last tour of duty as stratifying variables were also conducted. Information on family history of prostate cancer was available only sporadically in the medical records and was not included in the analysis. The distribution of Gleason scores (sum) available for most of the prostate cancer cases was summarized for Ranch Hand and Comparison veterans.
Results
Personal and demographic characteristics of participants are presented in Table 2 No overall increase in the risk of prostate cancer was found in Ranch Hand compared to the Comparison veterans in the entire cohort (Table 3) . TCDD exposure categories were unrelated to the risk of prostate cancer. When the cohort was stratified relative to whether their last year of tour of duty in SEA ended before 1 January 1969, we found a significantly increased risk of prostate cancer in Ranch Hand veterans in the Higher exposure category (RR ¼ 2.27, 95% CI 1.11-4.66, P for trend ¼ 0.04). The small number of prostate cancers in all exposure categories warrants caution in interpreting this result. No such trend was seen in those who ended their tour of duty after 1 January 1969. The risk of prostate cancer was also increased in the Higher exposure category Ranch Hands who served less than 2 years in SEA (RR ¼ 2.15, 95% CI 1.03-4.48, P for trend ¼ 0.03). This result reflects a major difference in the cancer incidence in the Comparison veterans between the two strata, which varied from 2.3% for less than 2 years served in SEA, to 8.2% for the more than 2 years served in SEA strata. Cancer incidence also increased in the Ranch Hand Higher exposure group but to a lesser extent from 4.2 to 8.1%.
Analyses within groups (Ranch Hand, Comparison) are presented in Table 4 . Cumulative TCDD level, total time served in SEA, and serving in SEA before 1969 were not related to the risk of prostate cancer in Ranch Hand veterans. A positive association between total time served in SEA and prostate cancer was observed only in the Comparison veterans (RR ¼ 2.18, 95% CI 1.27-3.76). All analyses in Tables 3 and 4 were adjusted for age, BMI, military occupation, and pack-years of smoking. Further adjustment for race did not materially change the estimates of relative risks (data not shown).
Prostate cancer cases diagnosed in Ranch Hand veterans had slightly more favorable Gleason scores (sum) than Comparisons, that is, had a lower proportion of tumors with a total Gleason score of 7 or more that have a less favorable prognosis (27 versus 33%). The overall difference in the distributions of Gleason scores was not statistically significant (Table 5) .
Discussion
In the present investigation, we found no increased risk of prostate cancer in Ranch Hand veterans relative to Comparisons in the entire AFHS cohort. Motivated by findings that herbicides sprayed before 1969 contained more (or more concentrated) TCDD (Stellman et al., 2003) , we stratified our cohort to veterans who served in SEA before and after 1 January 1969. We also stratified the cohort by the total time served in SEA, due to findings of increased cancer risk in the Comparison veterans with time spent in SEA (Pavuk et al., 2005 ). An elevation in risk was seen in veterans in the Higher Ranch Hand category who were in SEA before 1969 relative to Comparisons who were in SEA during the same time period. This finding was limited by a small number of prostate cancer cases in all exposure categories. Similar increases in prostate cancer risk in the Higher exposed Ranch Hand category was also observed in veterans who served in SEA less than 2 years. Both findings are more likely a result of a lower incidence of prostate cancers in Comparison veterans with less time in SEA than an increase of cancer incidence in the Higher Ranch Hand category. Within group analyses (Comparison, Ranch Hand separately) found an increased risk of prostate cancer only in Comparison veterans who served a longer time in SEA, which seems to support these conclusions. In addition, in both nonstratified and stratified analyses, veterans with prostate cancer and veterans without cancer in the Higher exposure category had similar cumulative TCDD both before and after 1969 (1556 versus 1694 p.p.t.-years and 1006 versus 1302 p.p.t.-years, respectively; P-values 40.1).
We identified the time of service in SEA as a major risk factor for prostate cancer in Comparison veterans but not for Ranch Hands. At this point we can only speculate what the time spent in SEA is the surrogate for, an unmeasured or unknown factor or combination of factors related to the prolonged stay in the different countries of SEA. This association substantially determines the dynamics of contrasts between Ranch Hand and Comparison veterans, and thus is one of the most important factors deserving future study. Exposure to pesticides, for example DDT, the stress of war, infectious agents, a long stay in a tropical climate or taking medications, are just a few factors that could be considered. The Vietnam War coincided with an extensive and well-organized effort of SEA countries supported by the World Health Organization to eradicate malaria (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) where large quantities of pesticides were used, so exposure to DDT in veterans stationed in Philippines, Thailand, or Taiwan was possible (WHO, 1998) . Food contaminated with organochlorines could have been an important route of exposure . Our findings clearly highlight the need for a more comprehensive exposure assessment of this cohort, especially due to the availability of frozen specimens for most of these veterans. These could be used for the chemical analysis of an expanded battery of organochlorine compounds including those suspected to be associated with prostate cancer development in animal studies (Faqi et al., 1998; Loeffler and Peterson, 1999; Tessier and Matsumura, 2001 ).
While we did not find a difference in the risk of prostate cancer between Ranch Hand and Comparison veterans in this study, a recent comparison of cancer incidence in this cohort relative to the general United States white population found a positive association with prostate cancer in both groups of veterans (standardized incidence ratio F SIR ¼ 1.46 in Ranch Hand and SIR ¼ 1.62 in Comparison veterans) (Akhtar et al., 2004) . Air Force veterans have been more closely followed than the general population and underwent repeated medical examinations that may partly explain excesses seen in that study. Two earlier studies of occupationally exposed chemical workers that examined cancer mortality found a relatively small number of prostate cancers deaths (9 and 28 prostate cancer deaths, respectively) Steenland et al., 2001 ) and modest increases in Standardized Mortality Ratios were not significant. The number of prostate cancers in this cohort will likely rise in the following years as the cohort ages, and it is important to note that at this point of follow-up only a fraction of the potential number of cases could be examined. Number of cases increased by 50% between 31 December 1999 and 31 December 2003, from 101 to 151 in this cohort of 3051 men.
We did not observe an overall difference in the Gleason scores between Comparison and Ranch Hand veterans although the Comparisons had higher number of cases diagnosed at Gleason score 7 or higher (33 versus 27%) with less favorable prognosis. The distribution of Gleason scores in Ranch Hand veterans was not related to TCDD levels (data not shown).
The strengths of this study include a detailed 20-year follow-up of participating veterans, repeated reviews of their health status and medical records, and measured blood TCDD in almost 90% of all participating veterans. Inferences that could be made from these data were limited by a relatively small number of prostate cancer cases in stratified analyses and background levels of serum TCDD in about 40% of Ranch Hand veterans. The back-calculation of the exposure could also have underestimated how high the exposure may have been at the end of the service in SEA due to dose-dependency of elimination: the higher the body burden the more rapid the elimination (Emond et al., 2004; Aylward et al., 2005) . As only TCDD was measured in this study, we cannot exclude the possibility of exposure misclassification to total toxic equivalents (TEQ) F the sum of dioxin, dibenzofuran, and dioxin-like polychlorinated biphenyl congeners' toxic equivalents. Ranch Hand and Comparison veterans participated at similar number of physical examinations (median 3 examinations in both groups). The digital rectal examination of the prostate was the only consistent component of the medical examinations directed at early detection of prostate cancer. The screening of PSA levels was performed only in participants attending the 1997 physical examination; biopsy or ultrasound of the prostate was not a part of examinations. Recommendations for further work-up and follow-up were given to veteran's physicians.
In conclusion, no overall increase in the incidence of prostate cancer between Ranch Hand and Comparison veterans was observed in this study. Nevertheless, we observed an association between time served in SEA and risk of prostate cancer in the Comparison veterans not related to their TCDD levels. There was also a positive association with prostate cancer in Ranch Hand veterans in the Higher TCDD exposure category who stayed in SEA before 1969 or served in SEA less than 2 years. This was based on small number of cases and is most likely due to lower prostate cancer incidence in Comparison veterans in these strata. A higher risk associated with a longer stay in SEA became a major determinant of Ranch Hand-Comparison contrasts not described before. Further improvements in exposure assessment and use of measures of individual genetic susceptibility to prostate cancer should be considered in future studies. This could help to identify risk factors that the time served in SEA may be a surrogate for and elucidate the complex relationship between prostate cancer and exposure to herbicides in SEA.
